Knowledge of which tracts are essential for the recovery of locomotor function in rats after repair is unknown. To assess the mechanism of recovery, we examined the correlation between functional recovery and axonal regeneration. All rats underwent complete cord transection and repair with peripheral nerves, fibroblast growth factor 1, fibrin glue, and spinal fixation. Repaired rats recovered both motor-evoked potentials recorded at the lumbar level and locomotor function. Cord retransection rostral to the repair abolished the recovery, indicating improvement was due to long tract regeneration. To determine which long tracts correlated with recovery, a novel technique of simultaneous bidirectional axonal tracing and immunohistochemical examination of axonal type was used to quantitate the regeneration of corticospinal, rubrospinal, reticulospinal, vestibulospinal, raphespinal, propriospinal, serotonergic, and calcitonin generelated peptide containing axons. Multiple linear regression analysis revealed recovery of function correlated only with regeneration of corticospinal axons into the gray matter of the lumbar spinal cord (R = 0.977, p , 0.02). For the first time, we show that regeneration of the corticospinal tract into the lumbar gray matter is a mechanism of functional locomotor recovery after complete cord transection and repair.
INTRODUCTION
While mechanisms of locomotor recovery after partial spinal cord injury have been elucidated (1) , mechanisms of recovery after complete spinal cord transection and repair are unknown (2) . With partial injury models, attribution of recovery to axonal regeneration in specific tracts is difficult for a number of reasons. The limited reproducibility of the extent and location of the partial injury, plasticity of unlesioned tracts, and the existence of crossed and uncrossed fibers in tracts such as the corticospinal tract make it impossible to distinguish functional recovery and true axonal regeneration from collateralization or incomplete lesioning and persistence of spared axons.
Although complete spinal cord transection eliminates several of the uncertainties associated with partial injury models, regeneration and recovery are more difficult to achieve. The few strategies demonstrating both recovery and regeneration after complete spinal cord transection in adult mammals include transplantation of peripheral nerves (3), olfactory ensheathing cells (4) , activated macrophages (5) , and fetal spinal cord (6) . Even with the consistency of lesioning afforded by complete transection, the consistency of recovery in animals subjected to the same repair was often poor, with only one third to two thirds of the animals achieving some degree of functional recovery, and none recovering completely. In addition, the correlation between regeneration of specific neuronal populations or tracts and functional recovery was limited.
Therefore, to improve recovery, we sought to determine the axonal correlates underlying the modest functional improvement from peripheral nerve grafts (PNG) (3) and spinal cord anastomosis (SCA). Both repair strategies included fibroblast growth factor 1 (FGF1), fibrin glue, and spinal immobilization. With PNG repair, peripheral nerves bridged from white to gray matter to avoid the presumed inhibition of axonal regeneration by white matter (7) . To assess whether circumvention of white matter was necessary for functional recovery, we compared the results with SCA repair where the transected spinal cord stumps were apposed with pial sutures, and the peripheral nerves were placed around the anastomosis site. Thus, in SCA repair, white matter tracts were not intended to be apposed to gray matter, but rather, aligned in their preinjury anatomic position.
To minimize the effect of variable recovery within a repair group, we developed the technique of simultaneous anterograde and retrograde axonal tracing in the same animal (8) to allow a more thorough correlation of locomotor recovery with specific motor systems. As the corticospinal tract has been associated with functional recovery in several complete transection and repair studies (3, 4, 6) , the sensorimotor cortex was used for anterograde axonal tracing. To assess recovery of the other motor nuclei axons, a retrograde tracer was used. Functional recovery was assessed with electrophysiology and a functional locomotor score. Axonal measures were correlated with the functional locomotor score to determine which axons were associated with functional recovery. We also examined the effect of repair on potential neurite inhibitors.
MATERIALS AND METHODS

Surgical Repair
Animal protocols for this study were approved by the Animal Care Committee of the Research Institute of the University Health Network in accordance with policies established by the Canadian Council of Animal Care. Sprague Dawley rats (n = 47, 200-500 g; Charles River, St. Constant, Canada) were anesthetized with 2% halothane with 1:2 nitrous oxide and oxygen, and received preoperatively 13.3 mg/kg Ancef (cefazolin) in 5 mL of normal saline subcutaneously. Optimyxin ointment was applied to the eyes and the dorsum of the rat centered at the T8 spinal level was then shaved and Betadine solution applied. Two repair strategies (PNG and SCA) were used ( Fig. 1) .
For both the PNG and SCA procedures, a midline incision from the T5 to T11 spinal level was made, the T6 to T10 vertebrae were exposed, and 10 intercostal nerves for bridging (each approximately 5 mm long) were excised and placed in HanksÕ buffered saline solution. A T7 to T9 laminectomy was performed and the spinal cord transected with microscissors such that a 4-mm gap at T8 was present between the two spinal cord stumps. The transection site was inspected with an operating microscope to ensure complete transection of the spinal cord and all spinal roots at that level. Gelfoam (Pharmacia & Upjohn, Inc, Mississauga, Ontario, Canada) was placed between the cord stumps for hemostasis. After approximately 2 minutes, the gelfoam was removed, and then either the PNG or SCA repair procedure was performed.
The PNG procedure has been described previously (3) , and only a brief description is given here with details of any modifications. After the gelfoam was removed, minced pieces of the harvested autologous intercostal nerves were placed ventrally at the transected end of the caudal spinal cord stump to elevate the stump to provide some physical support for the nerve bridges that traversed from deep (white matter) rostral sites to somewhat more dorsal (gray matter) caudal sites. The cut ends of the intercostal nerve bridges were inserted approximately 0.5 mm into the semidry spinal cord stump surfaces. In this way, the intercostal nerves were used to reconnect and redirect pathways from white matter to gray matter between the spinal cord stumps as previously described (3) . The 2 components of the fibrin glue sealant (Beriplast P, generously provided by Aventis-Behring, Marburg, Germany) were prepared. The final glue solution, of which 10 mL was applied to the engrafted area, consisted of FGF-1 (2.1 mg/mL), fibrinogen (100 mg/mL), aprotinin (200 KIU/mL), thrombin (40 IU/mL), and 8 mmol/L Ca Cl 2 .
For the SCA procedure, the harvested peripheral nerves were then minced into fragments approximately 0.5 to 1 mm long. After the gelfoam between the 2 stumps was removed, half the minced nerves were placed ventral to the 2 stumps. Two 10-0 Ophthalon (Davis & Geck, Inc, Manati, Puerto Rico) interrupted simple sutures were placed in the pia and dorsal columns on either side to anastomose the two stumps, aligning white matter to white matter and gray matter to gray matter. For both repair groups, the remaining minced nerves were then placed over the dorsal aspect of the transection site ( Fig. 1 ) and fibrin glue with the FGF-1 as described above was applied to the repair site.
For both repair groups, the T7 and T10 spinal processes were fixed in dorsiflexion with an S-shaped monofilament surgical steel (DS-20, Ethicon) loop and fastened to the spinal column with nonabsorbable subcostal silk. The volume of peripheral nerve grafts at both repair sites was similar. Control animals had complete cord transection at T8. For the repair and control groups, the wound was then closed in layers with 3-0 Vicryl sutures (Johnson & Johnson, Peterborough, Canada) in the paraspinal muscles and Michel clips (Fine Science Tools, North Vancouver, Canada) in the skin. Surgical time for the experimental groups ranged from 2 to 4 hours. Buprenorphine (0.03 mg/kg, subcutaneously) was given postoperatively, and bladder expression was performed manually three times a day. Urinary tract infections were treated with ampicillin (125 mg every 12 hours, subcutaneously), and gentamicin (2 mg once a day, subcutaneously) was added for urinary tract infections persisting more than 5 days.
Functional Assessment
All animals up until early death or sacrifice underwent blinded functional assessment weekly with the Basso, Beattie, and Bresnahan (BBB) (9-11) scoring system, and all animals were videotaped in the open field for 4 minutes prior to tracer insertion or perfusion (described below). A total of 8 animals died prior to the planned time of sacrifice of 15 weeks. These animals all died within the first 6 weeks and were from the following groups: PNG, n = 2; SCA, n = 3; and transection without repair, n = 3. The cause of death in these animals included bladder rupture, urinary tract infection, and euthanasia for autophagia. The BBB scores from these animals were included in the functional assessment up until their time of death.
Electrophysiology
Animals (n = 4/group) were tested electrophysiologically at 21 weeks with the electrophysiologist (A.V. K.) blinded to treatment group. Motor-evoked potentials (MEPs) were elicited as we have described earlier (12, 13) by electrical stimulation of the sensorimotor cortex, located 2 mm lateral to midline and 1 mm caudal to bregma (single anodal stimulation at 13-15 mA constant current for 0.2 ms duration). MEPs were recorded simultaneously from 3 levels of the spinal cord: above (T5), and below (T11 and L1) the injury/repair site using bipolar electrodes (active silver midline epidural electrodes; reference needle electrodes inserted into the paraspinal muscles). At least 2 MEP averages of 50 responses were obtained and stored (Advantage, Inc, Canada) for each animal with stimulation of the right and left sensorimotor cortex (filters were set at 20 and 2,000 Hz). During the MEP testing, animals were initially induced with 4% halothane, and this was continually assessed on a regular basis to maintain a stable level of anesthesia. Most animals required maintenance concentrations of 1% to 1.5% halothane. The presence or absence of MEPs at each level was confirmed, and the amplitude and latency of recorded averages were analyzed.
Cord Retransection After Repair
At 13 weeks, animals underwent another spinal cord transection at T6 or T13-L1. For animals that underwent cord transection at T6 (n = 4/group), rats were anesthetized with 2% halothane with 1:2 nitrous oxide and oxygen. Rats underwent T5 laminectomy and the T6 cord was transected. Again, the transection site was inspected with an operating microscope to ensure complete cord transection. The paraspinal muscles were closed in layers as described above and any gelfoam that was used for hemostasis was removed prior to closure. These rats were assessed with respect to their BBB scores weekly for an additional 7 weeks and were then sacrificed as described below.
The remaining animals underwent cord transection at T13-L1 (n = 7 to 9/group) as part of the axonal tracing procedure with the surgeon blinded to treatment group. Simultaneous bidirectional axonal tracing was performed as reported (8) ) was soaked in a solution of FG in normal saline (4% for FG) and then placed in the transection site. Petroleum jelly (Sherwood Medical, St. Louis, MO) was then placed over the spinal cord at the laminectomy site, and the muscles closed with 3-0 Vicryl and the skin with Michel clips. After FG was placed, rats were prepared for anterograde labeling of the corticospinal tract with DiI. For DiI labeling, rats underwent a unilateral craniotomy centered at a point 1 mm lateral to the bregma (8) . With No. 11 scalpel blade, a stab incision was made incising the dura and the sensorimotor cortex to a depth of approximately 1.5 mm to label the motor cortex neurons projecting to the hindlimb. If cortical vessels were encountered at the intended incision site, the site was moved immediately rostral or caudal to the cortical vessel. Using forceps (Dumont Biologie tip; Fine Science Tools, North Vancouver, Canada), 1 to 4 DiI crystals (total diameter of approximately 1 mm) were then inserted into the depth of the cortical incision with forceps such that the cortical edges became approximated and covered the DiI. Gelfoam was then placed over the craniotomy site and the scalp closed with 3-0 Vicryl sutures.
Tissue Preparation
Rats dying prior to the intended time had their spinal cords preserved within 24 hours of sacrifice. The spinal column was removed en bloc and placed in 11% neutral buffered formalin. After at least 2 days in the formalin solution, the spinal cord was dissected from the spinal column and embedded in paraffin. Serial parasagittal sections 8 mm thick were cut and immunohistochemistry for chondroitin sulphate proteoglycan (CSPG) was performed on these formalin-fixed sections as described below.
Twenty-one days after tracer placement, animals were sacrificed by intraperitoneal injection of 0.7 to 1.0 mL of sodium pentobarbital (65 mg/mL) and perfused with 1 mL of 1,000 U/mL heparin, and 500 mL of 4% paraformaldehyde in 0.1 mol/L phosphate buffer (PB). The brain and spinal cord were removed, cryoprotected with 30% sucrose in PB (24 hours, 4°C), and then frozen and embedded in Optimum Cutting Temperature compound (Stephens Scientific, Riverdale, NJ). It is our impression that the spinal immobilization construct was solid as assessed grossly at the time of cord removal.
Prior to sectioning, the repair site was examined using a Zeiss LSM-510 confocal microscope to visualize whether DiI-labeled axons traversed the transection/repair site using a modification of the technique described by Tsai et al (8) . The T7-T9 spinal cord encompassing the site of repair or transection was mounted between a glass slide and coverslip with the dorsal aspect of the spinal cord closest to the coverslip, and kept hydrated with phosphate buffered saline (PBS). Sialastic tubing spacers were also placed between the glass slide and coverslip to ensure that the coverslip was not tilted. Using a 103 objective, the Z-axis of the spinal cord tissue rostral to the transection/repair site was sampled by stepping through the focal plane until the DiI-labeled corticospinal tract could be identified. These labeled axons were then followed caudally past the transection/repair site. If axons were demonstrated distal to the transection/repair site, a stack of 30 to 36 photomicrographs sampled along the Z-axis of the tissue was generated by stepping the focal plane through 5-mm-thick slices. A final image of the composite of the images in the Z stack was generated using ImageJ 1.31I and Adobe Photoshop software. The tissue was then rotated such that the ventral aspect of the spinal cord was closest to the coverslip and the examination of DiI-labeled corticospinal tract axons rostral or caudal to the transection/repair site was repeated.
For each animal, the brain and spinal cord were sectioned as depicted in Figure 2 . Coronal sections of the entire brain were cut in a cryostat at 40 mm, and mounted on cold (220°C) Superfrosted Plus slides (Fisher Scientific, Markham, Canada). Brain sections were left to dry and selected sections treated for autofluorescence as described previously (8) . It has been observed that animals with spinal cord transection show significant autofluorescence of cortical, brainstem, and spinal neurons that interferes with identification of FG labeling (8) . To eliminate this autofluorescence artifact, brain sections were then washed in 0.1 mol/L PBS, dipped in distilled water, and treated with 0.5% CuSO4 (Sigma, St. Louis, MO) in ammonium acetate buffer (50 mmol/L, pH 5.0; Sigma) for 10 minutes, washed with distilled water or PBS, and then visualized in a hydrated state. If sections dried out prior to viewing, they were rehydrated with PBS.
The spinal cord at T12-T13 was sectioned as depicted in Figure 2 , and the sections examined for DiI-labeled corticospinal tract axons and FG using a fluorescent microscope and filter blocks as described below. The central sections containing the DiI-labeled corticospinal tract were kept hydrated with PBS, photographed, and used for immunohistochemistry.
Immunohistochemistry
The monoclonal antibodies were mouse anti-glial fibrillary acidic protein (GFAP; 1:200, Boehringer-Mannheim, Canada (14) , mouse anti-chondroitin sulfate clone CS-56 (CSPG; 1:100, Sigma (15)), and mouse anti-rat monocytes/macrophages (ED1; 1:200, Chemicon, Temecula, CA; (15, 16) to visualize activated macrophages or microglia. The polyclonal antibodies included rabbit anti-calcitonin gene related peptide (CGRP; 1:3,000, DiaSorin, Stillwater, MN (17)), rabbit antiserotonin (5-HT; 1:10 000, DiaSorin (17)), and rabbit anti-NG2 chondroitin sulfate proteoglycan (NG2; 1:800, Chemicon (18)).
For the formalin-fixed sections, the sections were deparaffinized and blocked for endogenous peroxidase with 1% methanol peroxidase for 30 minutes. Monoclonal antibody CSPG was then applied and incubated overnight at 4°C. The primary antibodies were diluted in blocking solutions, and the appropriate biotinylated secondary antibodies and avidinbiotin peroxidase complex (Vectastain Elite ABC Kit Standard, Vector Laboratories, Burlingame, CA) was then added. Vector VIP (VIP, Vector Laboratories) was applied as the chromogen. Sections were coverslipped with Entellan (BDH) and visualized with a light microscope. Appropriate negative controls were made with the omission of the primary antibodies.
For paraformaldehyde-fixed sections, all sections were washed 3 times with PBS for 10 minutes, and then blocked for endogenous peroxidase and/or then for nonspecific antibody binding. Endogenous peroxidases were blocked with 1% hydrogen peroxide for 30 minutes for GFAP, and NG2, and for 10 minutes for 5-HT and CGRP. Nonspecific antibody binding was blocked at room temperature for 1 hour with the following: 10% heat-inactivated goat serum in PBS containing 0.3% Triton X-100 for GFAP; 20% heat inactivated goat serum in PBS for NG2, and 4% normal goat serum in PBS FIGURE 2. For the segment (A), 40-mm-thick transverse sections of the brain were examined for brainstem motor nuclei neurons (reticulospinal, raphespinal, vestibulospinal, and red nucleus) retrogradely labeled with Fluoro-Gold. Sensorimotor cortex neurons were not examined due to labeling artifact from simultaneous anterograde labeling with DiI. For the segment (B), 40-mm transverse sections of C1 were examined for propriopspinal neurons labeled with Fluoro-Gold. For segment (C), 40-mm transverse section of T5-T6 were examined for propriospinal neurons labeled with Fluoro-Gold. For segment (D), the T7-T9 region, which encompassed the site of repair or transection, was serially sectioned in a 1:5 series and examined for morphology and extent of dieback of DiI-labeled corticospinal tract axons. The 20-mm-thick parasagittal sections then underwent immunohistochemistry for the following 5 markers: CGRP, 5-HT, GFAP, CSPG, and NG2. For segment (E), the T12-T13 region was serially sectioned and exmined for the location and quantity of corticospinal tract axons (DiI-labeled) that had regenerated through the transection/repair site. These 20-mm-thick transverse sections underwent immunohistochemistry for the following 3 markers: CGRP, 5-HT, and ED1. containing 0.1% Triton X-100 for CS56 and ED1. The primary antibodies were then applied to the sections and incubated overnight at 4°C. All primary antibodies were diluted in blocking solutions with the exception of the following: 5-HT and CGRP were diluted in 0.3% Triton X-100 in PBS; and NG2 was diluted in PBS. Sections were then washed 3 times in PBS, and incubated with the secondary antibody, Alexa Fluor 488 goat anti-mouse and goat anti-rabbit IgG (H+L) conjugate highly cross-adsorbed (1:500 dilution in PBS; Molecular Probes), applied for 1 hour at room temperature. Sections were mounted without coverslipping and viewed hydrated with PBS using a fluorescent microscope described below.
Brainstem Motor Nuclei Analysis
The neurons of the reticular, raphe, vestibular, and red nuclei were assessed by quantitating the number of neurons retrogradely labeled with FG placed at T13, caudal to the transection/repair site. Every alternate section was examined for the number and location of FG-labeled motor nucleus neurons. Autofluorescence was distinguished from true tracer labeling by examining sections with all three filters (as detailed below). Only cells that were labeled using the UV-2A filter were counted. Cells that appeared positive in the other two filters, as well as the UV-2A filter, were not counted, thereby biasing the brainstem counts to a lower number.
Propriospinal Neuron Analysis
The spinal cord of animals that underwent FG labeling was sectioned transversely with 40-mm-thick cryostat sections at C1 and T5-T6. Every section was examined for the number and location of propriospinal neurons labeled with FG.
Corticospinal Tract Examination
Measurement of Corticospinal Tract Dieback:
The entire corticospinal tract was sectioned parasagittally at 20 mm and examined in all animals at the site of transection or repair. On 6 serial sections through the area of the corticospinal tract of maximum thickness, the dorsoventral thickness of the corticospinal tract rostral to the transection or repair site was measured using Bioquant. In animals where a cyst occurred and separated the fibers of the corticospinal tract, the dorsoventral thickness was measured where the dorsal and ventral borders were parallel and no longer diverging around a cyst. In all cases where a cyst affected the corticospinal tract, the dorsoventral measurement of the corticospinal tract was taken within 150 mm of the rostral edge of the cyst.
Quantitation and Location of Regenerating Axons in the Cord Caudal to the Transection/Repair Site:
The caudal spinal cord was transversely sectioned serially at 20 mm in a 1:3 series and immunohistochemistry for CGRP and 5-HT was performed on the first and second sections of the series, respectively, as described above. The number of CGRP-positive axons was quantitated by measuring the area of fibers immunostained for CGRP in Rexed lamina 2 and 3 (dorsal horn), Rexed lamina 7 (intermediolateral cell column), and Rexed lamina 10 (central canal) caudal to the transection site. The presence of 5-HT fibers caudal to the injury site in any location was noted. In the third section of the series, the quantity and location of DiI-labeled corticospinal tract axons that had regenerated through the repair site to the caudal spinal cord were counted. The third section was photographed using three filters (UV2A, B-2A, and Texas red, see below), and the photographed images were opened in Adobe Photoshop, where the DiI-labeled corticospinal tract axons, and gray and white matter were identified and drawn as would be done with camera lucida. Care was taken to identify DiI axons only if they appeared in the Texas red filter and not the other two filters. Bioquant was then used to quantitate the camera lucida-like drawings to obtain the number of corticospinal tract axons, and the areas of the gray and white matter.
To ensure that the labeled DiI axons were not located within macrophages, 6 additional serial 20-mm-thick sections were obtained from the caudal spinal cord and double labeled for ED1. Photomicrographs of the sections were then taken with the different filter blocks, and the photomicrographs were superimposed using Adobe Photoshop to examine the location of the DiI-labeled material in relation to the ED1 labeled cells.
Assessment of Neurite Inhibitors
All central parasagittal sections containing the corticospinal tract were used for immunohistochemistry as described in Figure 2 . All sections were examined for the distribution, morphology, and relative quantity of GFAP, CSPG, and NG2 staining within the repair site.
Fluorescent Microscopy for Assessment of Anterograde and Retrograde Tracers and Immunocytochemistry
A fluorescent microscope (Nikon Eclipse TE300) was used for fluorescence histologic examination with the following filter blocks: Texas red (excitation filter 540-580 nm, dichroic mirror DM 595, barrier filter BA600-660); G-2A (excitation filter 510-560, dichroic mirror DM 575, barrier filter BA590); B-2E (excitation filter 450-490, dichroic mirror DM 505, emission 520-560); and UV-2A (excitation filter 330-380, dichroic mirror DM 400, barrier filter BA420). Images were captured using a Nikon camera or an Optronics digital camera and analyzed with Bioquant Nova Prime for Windows 9x Version 6.00.10 MR. Composite figures were made using Adobe Photoshop 5.0.
Statistics
BBB scores were analyzed with two-way repeated measures ANOVA, and the Bonferroni t-test multiple comparison procedure was used. One-way ANOVA was used to determine whether there was a significant difference between repair and control groups. Axonal measures that demonstrated a difference between repair and control groups were then included in multiple linear regression analysis with respect to each individual animalÕs BBB score to determine if the axonal measure correlated with the BBB score. Multiple linear regression was used to analyze the correlation of locomotor function with corticospinal tract measures and CGRP analysis. 
RESULTS
Functional Improvement Occurred With and Without Therapeutic Circumvention of White Matter Inhibition
Both repair groups, PNG and SCA, had improved BBB locomotor scores compared with transection alone (Fig. 3) . The PNG group (n = 15) began to show significant improvement over controls at week 8 (p = 0.044, 2-way repeatedmeasures ANOVA, Bonferroni t-test for multiple comparisons), and this improvement was sustained until retransection at T13-L1 after week 13 for placement of axonal tracers. The mean BBB scores for weeks 10 to 13 for animals in the transection control group (n = 17) ranged from 0.38 to 2.38. In contrast, in the PNG group the range of mean BBB scores for weeks 10 to 13 was 4.13 to 8.13. In the PNG group, the maximum BBB score obtained by any animal in a given week was 9.5, indicating that the animal had occasional weightsupported plantar steps with 1 leg and plantar placement of the paw with weight support in stance only with the other leg. The Representative sample traces from 1 rat in each group show that cortical stimulation normally evokes 2 welldefined sharp negative peaks, which are absent below a complete spinal cord transection lesion but are partially restored by both PNG and SCA repair. Notably, this restored activity is abolished by a retransection at T6 indicating corticospinal tract regeneration. (C) Representative sample traces showing that, although both rats that underwent SCA repair had MEPs recorded at T10, only the rat (SCA 1) with a significantly improved BBB score of 9 had MEPs recorded at L1. This suggests that corticospinal tract regeneration to the L1 level is required for functional recovery. (D) The bar graph shows no differences in amplitudes above the lesion (p = 0.985, 1-way ANOVA); but below the lesion, amplitudes at T10 and L1 are significantly larger than transection controls, which had absent motor evoked potentials (p = 0.001 and p , 0.001, 1-way ANOVA, respectively).
SCA group (n = 15), without nerve grafts directed from white to gray matter to circumvent white matter inhibition, also showed significant improvement compared with the transection controls beginning 1 week earlier than the PNG group at 7 weeks (p = 0.006), and this improvement was also sustained until retransection. The range of the mean BBB scores for weeks 10 to 13 was 4.13 to 9.38, indicating that with the SCA repair strategy weight support was achieved in some animals. In the SCA group, the maximum BBB score obtained by any animal in a given week was 10, indicating that the animal had occasional weight-supported plantar steps with both the right and left leg.
Although the SCA group achieved earlier and higher BBB scores than the PNG group, there was no statistically significant overall difference between the BBB scores achieved with SCA or PNG, suggesting that therapeutic circumvention of white matter inhibition is not necessary for the recovery of function observed with repair utilizing peripheral nerve grafts, fibrin glue, and FGF1.
The electrophysiologic experiments determined that in the repaired animals, the regenerated corticospinal axons caudal to the repair site were indeed functional and conducted impulses when an electrical stimulus was applied to the sensorimotor cortex. In intact control animals, the MEPs consisted of at least two well-defined sharp negative peaks (N1 and N2) as described previously (12, 13) . MEPs recorded rostral to the injury/repair site in all experimental animals were similar to responses recorded in intact control animals. While no MEPs below the level of injury were recorded in animals that had transection without repair, all animals in the repair groups had MEPs recorded at the T10 level (n = 4/group). Only animals that had BBB scores greater than 3 had MEPs present at the L1 level (n = 3 and n = 2 in the PNG and SCA group indicating 75% and 50% of animals, respectively). In animals that did not have any MEPs below the level of the original transection at T8, retransection of the spinal cord at T6 resulted in continued loss of MEPs at T10 and L1. While retransection did not affect the responses at the T5 level in any of the animals, the MEPs that were obtained at both T10 and L1 levels in repaired animals were abolished by the retransection at the T6 level (Fig. 3) . This strongly suggests that the MEPs obtained in the animals with successful repair were due to functional supraspinal axons that had regenerated through the repair and that functional locomotor recovery required regeneration into the lumbar spinal cord.
In the animals with MEPs at T10, the MEPs below the level of injury in 75% and 100% of the PNG and SCA group, respectively, consisted of 1 negative peak with lower amplitude. Moreover, these responses had significantly longer latency periods than MEPs in normal intact animals. For example, the amplitude and latency of MEPs recorded at T10 level in the PNG group were 4.4 6 1.5 mV and 6.3 6 1 ms, respectively. MEPs (N1 peak) in intact control animals at T10 had amplitude of 30 6 1 mV and latency of 3.1 6 1.5 ms.
Retransection at T6 and T13-L1 after week 13 for the placement of FG also abolished any recovered function. The BBB scores of both repair groups decreased after retransection, and there was no longer a significant increase compared with the BBB scores of the transection control group.
The relesioning abolished all supraspinal projections that had regenerated through the transplants to the level of L1. This further suggests that regeneration of the axons involved in the recovery of function had occurred at least to the level of L1 or that the spinal circuitry for locomotion after repair involves the T13-L1 level. Of note, the subset of animals that underwent electrophysiology (n = 4/group) once the BBB scores reached a plateau did not appear to decrease or increase for the remainder of the 21-week survival period.
Axonal Regeneration Assessment of Corticospinal Axons That Had Regenerated at and Caudal to the Transection/Repair Site:
In the transection controls, no DiI-labeled corticospinal tract axons were visualized caudal to the transection site. In both the PNG and SCA repair groups, regenerated corticospinal tract axons were visualized traversing the repair site and were found in the caudal spinal cord in intact spinal cords using confocal microscopy ( Fig. 4) and in sectioned spinal cord at the T12-T13 level. There were many cystic cavities within the repair site in both the PNG and SCA animals. The rostral spinal cord stump could be easily identified by the DiIlabeled corticospinal tract, and the caudal stump could be identified by the retrogradely labeled FG neurons. Quantitation of the anterogradely labeled corticospinal axons with DiI and the retrogradely labeled motor nuclei neurons with FG are detailed below.
There were some animals that died prematurely because of urinary tract infection, bladder rupture, or sepsis. Their spinal cords were formalin-fixed, and we found that by 2 weeks the myelin and NF200 of the peripheral nerve grafts had disappeared. We also found that the graft site of both the PNG and SCA groups had remodeled such that individual peripheral nerve grafts could no longer be distinguished by 6 weeks. The remodeled graft site typically appeared as tissue that circumferentially bridged the two stumps with a central cystic area.
Assessment of Corticospinal Tract Dieback:
Both repair strategies decreased the extent of corticospinal tract dieback (p , 0.001, 1-way ANOVA, Bonferroni t-test for multiple comparison, Fig. 4 ) compared with transection controls. There was, however, no statistically significant difference between the PNG and SCA groups, suggesting that intentional circumvention of the white matter did not modify the extent of corticospinal tract dieback.
Assessment of Corticospinal Axonal Regeneration Caudal to the Transection/Repair Site:
DiI-labeled corticospinal tract fibers that had regenerated through the repair site and into the caudal spinal cord at T12-T13 were found in all animals in both the PNG and SCA repair groups. In both repair groups at T12-T13 (a distance of approximately 1 to 1.5 cm from the T8 transection site), the corticospinal tract axons in the caudal cord were no longer confined to the normal anatomic location of the corticospinal tract but were found within other areas of the white matter as well as within the gray matter (Fig. 4) . The density of axons in the caudal cord was significantly increased in both repair groups compared with transection controls. This increased density (p , 0.05, Kruskal-Wallis one-way ANOVA on ranks, DunnÕs method for multiple comparisons) was seen in both the gray and white matter of the repair groups compared with transection controls. Although there was a trend to increased corticospinal tract axons in the SCA groups versus the PNG group, there was no significant difference. Thus, the circumvention of white matter inhibition with peripheral nerve grafts was not essential for regeneration of corticospinal axons into the gray matter. There was a significant decrease (p , 0.05, Kruskal-Wallis one-way ANOVA on ranks, DunnÕs method for multiple comparisons) in the density of corticospinal tract axons in the white matter compared with the gray matter in SCA animals, whereas in PNG animals there was no significant difference in the density of axons between the gray and white matter. Thus, the PNG repair strategy allowed an increased number of corticospinal tract axons to regenerate in the white matter compared with the SCA repair, although the extent of the recovery of function was similar between the two groups.
Examination of the ED1-labeled sections of the caudal spinal cord showed that macrophages/microglia were predominately within the dorsal columns dorsal to the corticospinal tract. Although there were occasional macrophages with DiI material within them, there were few macrophages within the gray matter. Thus, corticospinal tract axons could regenerate into the caudal spinal cord without being ingested by macrophages/microglia.
Assessment of Rubrospinal, Reticulospinal, Raphespinal, Vestibulospinal, and Propriospinal Axonal Regeneration:
Rubrospinal, reticulospinal, raphespinal, vestibulospinal, and propriospinal axonal regeneration was assessed by quantitation of neuronal cell bodies located in the brainstem and spinal cord rostral to the transection/repair site labeled with FG placed at T13-L1. There were no labeled neurons visualized in the red nucleus of repair or transection control animals, suggesting that these repair strategies did not encourage axonal regeneration of red nucleus neurons. While none of the transection control animals had reticulospinal, raphe, or vestibulospinal motor nuclei neuronal labeling with FG, animals in both the PNG and SCA groups had a small number of labeled neurons in these nuclei (Fig. 5) . Neurons labeled within the reticular nucleus in the repair groups were within the parvocellular, paramedian, paragigantocellular reticular, and pontine reticular nuclei. Both repair groups also (E) The density of the number of corticospinal axons that had regenerated into the gray matter, white matter, and into the whole cord (gray and white matter combined) are depicted graphically in left, middle, and right graphs, respectively. There were significantly more axons in the gray and white matter of animals of both repair groups compared with controls. There were no differences in the density (mean 6 SEM) of regenerated corticospinal tract axons in the caudal cord between the two different repair groups, PNG and SCA, suggesting that intentional or operative circumvention of white matter inhibition with peripheral nerve grafts was not essential for regeneration of corticospinal axonal into the gray or white matter. Asterisks denote significant differences (p , 0.05, Kruskal-Wallis 1-way ANOVA on Ranks, DunnÕs method for multiple comparisons) compared with controls. Scale bar = 100 mm in (A), and 1 mm in (B). Scatter plot showing correlation between regeneration of corticospinal and functional recovery is shown in (F). The panel on the left is the scatter plot and linear regression (R = 0.977, p = 0.016) for each individual animalÕs BBB score and the density of CST fibers in the gray matter of the lumbar spinal cord. There is a positive correlation (correlation coefficient = 0.0487, standard error = 0.00892) between the density of CST fibers in the gray matter and improved BBB scores. The panel on the right is the scatter plot with a 3-parameter sigmoidal curve fit for the data (R = 0.996, p , 0.0001) for each individual animalÕs BBB score and the density of CST fibers in the gray matter of the lumbar spinal cord. Analysis of this curve suggests that modest increases in the number of CST axons may improve recovery exponentially within the BBB score of 3 to 10.
had labeling within the lateral, median, and superior vestibular nuclei, and had labeling of the pontis, median, and dorsal raphe nuclei.
As there were very few neurons that were labeled, and as there were animals that underwent repair and did not demonstrate reticulospinal, raphe, or vestibulospinal motor nuclei axonal regeneration, there was no statistically significant difference in the number of labeled reticular, vestibular, and raphe nuclei neurons between the repair and transection control groups. Thus, the functional recovery observed with PNG or SCA cannot be attributed solely to the regeneration of reticular, vestibular, or raphe motor nuclei axons. Although there was no significant difference in the number of labeled reticular brainstem neurons between the repair and transection control groups, there was a positive correlation between labeled reticular neurons and improved BBB scores (p = 0.0263, Spearman correlation) of individual animals. There was no significant correlation between BBB scores and labeling of the vestibular or raphe motor nuclei neurons. While both repair strategies allowed regeneration of some reticulospinal, vestibulospinal, and raphespinal axons, the number of neurons with evidence of axonal regeneration was minimal and did not occur in all repair animals. As there were relatively few labeled brainstem motor nuclei neurons, caution must be applied when trying to draw conclusions based on subgroup analysis of brainstem motor nuclei neurons (Fig. 5) .
Within 1 cm rostral to the transection or repair site, propriospinal neurons retrogradely labeled with FG were seen only in animals that had either of the two repair strategies. However, FG is known to label intermediolateral cell column neurons nonspecifically (19) , and all the FG-labeled neurons of the spinal cord that were seen rostral to the repair site were seen in the parasagittal sections of the spinal cord transection/repair site. Since these were parasagittal sections, we could not determine with certainty whether these labeled neurons were propriospinal or intermediolateral cell column neurons. Therefore, these neurons were not quantitated as propriospinal neurons that had regenerated through the repair site. However, serial transverse sections at T5-T6 and C1 revealed no labeled propriospinal neurons.
Serotonergic Axons:
Staining with 5-HT, which demonstrates the presence of serotonergic brainstem axons (20) , showed that supraspinal axons had extended from the rostral stump into the cyst walls of the repair site in both repair groups, but not in animals with transection alone. However, there were no 5-HT-positive fibers caudal to the repair site in either the SCA or PNG groups. The fibers regenerated into the bridging tissue were concentrated along the cyst walls of the bridge.
Sensory Axons:
To assess sensory axons, immunohistochemistry for CGRP, which demonstrates axons of dorsal root origin, was performed on parasagittal sections of the transection/repair site and on transverse sections of the spinal cord caudal to the transection site (T12-T13). A small number CGRP-positive fibers were found within the bridging tissue of animals with both repairs, but not in the transection controls. In the controls, there were significantly more CGRP-labeled fibers in the dorsal horn of the caudal cord stumps compared with the repair groups, where in some animals none was visualized. To quantitate the CGRP upregulation, the area of CGRP-positive fibers was measured in the dorsal horn, intermediolateral cell column, and around the central canal in transverse sections at T12-T13 (Fig. 6) . Similar to the parasagittal sections, the transverse sections showed significant upregulation in the CGRP fiber area of the dorsal horn (p , 0.001, 1-way ANOVA, Bonferroni t-test for multiple comparisons). There was no significant difference, however, in the other locations (intermediolateral cell column and central canal). The upregulation of CGRP density has been shown to occur after spinal cord injury (21, 22) . These studies suggest that the upregulation of CGRP expression rostral to a spinal cord lesion is due to an imbalance of descending and intraspinal inputs. Thus, if axons such as CST axons have been transected or lost, CGRP axons will increase to compensate. Therefore, the downregulation of CGRP in repaired animals is further evidence that other axons have regenerated in that CGRP axons have not increased to compensate. In addition, sensory axons have been shown to be associated with functional recovery (23) .
Correlation of Locomotor Functional Recovery and Axonal Measures:
Only axonal measures that showed a statistically significant difference between repair versus transection controls were included in the multiple linear regression analysis. These measures were CGRP in the dorsal horn, corticospinal tract The fiber area measured in the dorsal horn (E), intermediolateral cell column (F), and central canal (G), respectively, of the repair and control group animals. Asterisks in (E) denote that in the dorsal horn region only, there were statistically fewer (p , 0.05, Kruskal-Wallis 1-way ANOVA on ranks, DunnÕs method for multiple comparisons) CGRP-positive fibers in both repair groups compared with control. dieback, and corticospinal fiber density in the caudal gray matter, white matter, and whole cord. The only axonal measure that showed significant correlation with locomotor functional recovery as measured with the BBB score was corticospinal fiber density in the caudal gray matter (R = 0.977, p , 0.02, Fig. 4) . Although there was decreased dieback of the corticospinal tract with repair, the decreased dieback did not correlate with BBB scores, suggesting that, while repair does modify the extent of corticospinal tract dieback, functional recovery is not due to this feature. Similarly, although animals with repair did not upregulate CGRP labeled fibers within the dorsal horn of the caudal cord, there was no significant correlation of this feature with functional recovery.
Effect of Inhibitors to Axonal Regeneration on Spinal Cord Repair White Matter or Myelin Inhibition:
With PNG repair, there was intentional circumvention of white matter inhibition by peripheral nerve bridging from white to gray matter. In the SCA repair, there was no attempt at circumvention of white matter inhibition because white matter was aligned to white matter. The two repair strategies were performed with a similar amount of peripheral nerves, and similar amounts of FGF1 and fibrin glue were applied. Despite the lack of intentional circumvention of white matter in the SCA group, the number of axons that regenerated from many neuronal subtypes did not appear to be affected. There was no significant difference between the two repair groups with respect to corticospinal tract dieback, regeneration from brainstem motor nuclei (reticular, raphe, vestibular, and red nuclei), propriospinal neuronal labeling, and CGRP fiber area. Only the PNG group showed increased corticospinal axon density in the white matter compared with control (p , 0.05, 1-way ANOVA, DunnÕs method of multiple comparison). This suggests that the intentional white to gray matter bridging somehow increased the number of corticospinal tract axons regenerating within the white matter. However, this increased number of corticospinal tract axons within the white matter did not correlate with improved locomotor functional recovery as measured with the BBB score.
GFAP Immunohistochemistry Results:
At the transection/repair site, there was more GFAP staining in the transection controls than in the repair animals. At 15 weeks, in the SCA and PNG repair groups, GFAP labeling was downregulated at the repair site compared with the transection control, suggesting that repair decreased astrocyte proliferation at the repair site. GFAP-labeled astrocytes were still found concentrated along the syrinx wall cavities and often found in the same location as the DiI-and FG-labeled axons/neurons in the bridging tissues. The GFAP-labeled cells did not appear to be impeding the regenerating corticospinal tract fibers (Fig. 7) .
Chondroitin Sulphate Proteoglycan Immunohistochemistry Results:
Animals that underwent repair (PNG n = 2, SCA n = 3) and transection without repair (n = 3) and died prematurely at 1 to 6 weeks were found to have an upregulation of CSPG at the repair or transection site. CSPG immunohistochemistry did not show upregulation of CSPG at the repair site at 15 weeks in both transection control and repair animals. Thus, although CSPG was present at earlier time points, by 15 weeks, CSPG upregulation had decreased. The early upregulation of CSPG did not prevent the axonal regeneration and functional recovery seen with both PNG and SCA repair, and there did not appear to be a significant difference between the repair groups in CSPG upregulation, suggesting that the white to gray matter bridging does not affect the amount of CSPG upregulation.
NG2 Immunohistochemistry Results:
NG2 has been used as a marker for oligodendrocyte precursors but has also been found on fibroblasts (24, 25) . Immunohistochemistry for NG2 showed the presence of cells with a stellate morphology within the cord stumps in all groups. At 15 weeks in the transection controls, the NG2-labeled cells found in the cord stumps approximately 1 cm rostral and caudal to the transection/repair site were compact and had a stellate shape. However, closer to the transection/ repair site, they became linear and elongated, parallel to the direction of axon growth (Fig. 7) . In both repair groups and transection controls, the extent of NG2 labeling was concentrated along the syrinx walls, and there appeared to be more NG2-positive cells at the transection/repair site in the transection control animals compared with repair animals. NG2-positive cells were found in animals with and without functional recovery, suggesting that the presence of NG2 cells at the transection/repair site did not prevent the modest recovery of locomotor function that we achieved with both the PNG and SCA repair strategies.
DISCUSSION
This study shows that significant locomotor functional recovery can be achieved after complete spinal cord transection in mature rats using peripheral nerves, FGF1, fibrin glue, and spinal stabilization. As there was complete spinal cord transection, this recovery could not be attributed to spared axons (26) or to collateral sprouting from spared axons. Most importantly, this recovery was correlated with corticospinal axonal regeneration through the transection site into the caudal gray matter of the spinal cord, and this occurred with or without deliberate circumvention of potential white matter inhibition, and despite the early presence of neurite inhibitors such as chondroitin sulphate proteoglycans and astrocytic scar.
Spinal Cord Repair With Peripheral Nerves, FGF1, Fibrin Glue, and Spinal Stabilization FGF1 has been shown to improve neurite outgrowth (27) and neuronal survival (28) and allows axons to regenerate directly into the spinal cord or through intercostal nerve grafts (28) . Our observation of functional recovery with the Cheng et al strategy is in agreement with earlier observations of recovery with peripheral nerve grafting utilizing the combination of FGF1, fibrin glue, spinal stabilization, and peripheral nerve grafts (2, 3, 28) . With direct anastomosis or SCA repair, we show that this combination of factors can also allow functional recovery with cord realignment and no specific peripheral nerve bridging. We show that, while axons from reticulospinal, raphespinal, and vestibulospinal motor nuclei can regenerate with this combination of factors, the recovery of function correlated only with regeneration of corticospinal axons into caudal gray matter. This study also found that the functional locomotor recovery after complete transection with the SCA repair is equivalent to the PNG technique and does not require the intricate bridging of white to gray matter with intercostal peripheral nerves. Although there was no significant difference in functional recovery between the two repair groups, the trend toward better functional recovery with the SCA repair may reflect the trend to increased corticospinal tract regeneration into gray matter seen with the SCA repair. Since the original work by Richardson et al (29) (30) (31) , many studies have confirmed the ability of peripheral nerves to promote central axonal regeneration, although the exact mechanism is unknown.
Mechanisms for Recovery
After repair, the regenerating fibers of the corticospinal tract did not continue along the preinjury, normal anatomic pathway but instead grew predominately within the gray matter after both the SCA and PNG repair, although fibers could also be found in the lateral and ventral funiculus of the white matter in the PNG repair. After partial cord injury, recovery of function has been associated with plasticity of the corticospinal and rubrospinal tract above the level of the lesion (1, 7, 32, 33) . Our results with the complete spinal cord injury model show that functional locomotor recovery is associated with regeneration of corticospinal axons through the lesion and into the caudal gray matter. Whereas spared axons and the inherent plasticity of the corticospinal and other tracts, together with neutralization of neurite inhibitory factors were required for recovery in these injury models, our repair strategies demonstrate that true axonal regeneration alone can also allow a modest recovery of function after complete spinal cord injury. The determination of whether these long tracts improve functional recovery directly or through the stimulation of local circuits has yet to be elucidated.
Given that the estimated number of CST axons at the T13-L1 level normally is 16,662 (34), we estimate that recovery of function occurred with at least 0.24% to 0.61% of the CST axons regenerating into the gray matter and only 0.40% to 0.83% of the CST axons regenerating into the whole cord. The decreased amplitude of the MEPs substantiates the decrease in the number of regenerated CST fibers reaching the lumbar spinal cord. This is a very small proportion of the total number of CST axons present in the corticospinal tract, suggesting that functional recovery is not due to reconstitution of normal pathways but to activation of a novel pathway.
The correlation of functional locomotor recovery with axonal regeneration into gray matter and not white matter suggests that the regenerated axons are stimulating interneurons or motoneurons directly to allow locomotion via the spinal locomotor circuit or central pattern generator. Serotonergic fibers have been shown to stimulate the spinal locomotor circuit physiologically (35) (36) (37) , and serotonergic fibers have been found by Lee et al in the lumbar spinal cord at L1 after a similar peripheral nerve graft repair (2). We found, however, that neither PNG nor SCA animals had serotonergic fibers caudal to the transection/repair site at T13-L1. This difference in observation of serotonergic fibers in the caudal spinal cord may be associated with the length of time after repair that the tissue was examined. In the study by Lee et al, the spinal cord was examined 6 months after repair whereas our examination was at 15 weeks. Serotonergic axons have been demonstrated to regenerate at a slower rate compared with noradrenergic or cholinergic axons (38, 39) , and so the serotonergic fibers may have required at least 6 months to have regenerated to the L1 level after spinal cord repair. The inability to visualize serotonergic axons below the level of repair and the lack of a positive correlation of FG-labeled raphe neurons with improved BBB scores suggest that serotonergic raphespinal axons do not underlie the recovery of function after repair. Thus, we postulate that stimulation of the central pattern generator via regenerating corticospinal tract fibers may now be activating the spinal locomotor circuit in the caudal gray matter at L1. Stimulation of the central pattern generator in this way in the absence of reestablishing any other motor tracts may explain the limited recovery achieved. The maximum BBB score was 10, and this was only in one rat. The functional recovery may have been limited because we were unable to obtain sufficient regeneration of the other motor pathways known to be involved in locomotion such as the rubrospinal and raphespinal tracts.
There is controversy whether functional improvements in BBB scores reflect authentic locomotion (37) due to long tract regeneration or reflex-like movements due to stimulation of the central pattern generator. Improved locomotor ability can occur in an animal with a completely transected spinal cord without supraspinal input provided the animal undergoes treadmill training (40) (41) (42) (43) . Without training, functional improvement in locomotion without intervention designed to enhance long tract axonal regeneration is minimal (3) (4) (5) (6) . Thus, the improvement in spontaneous locomotion of our repaired rats compared with controls, without treadmill training, indicates that the functional improvement was associated with long tract regeneration. Moreover, the complete loss of any recovered function and MEPs caudal to the original transection after retransection at 13 weeks is strong evidence that the mechanism of locomotor recovery after repair requires long tract regeneration, specifically, the corticospinal tract. Our study may reconcile the controversy about ''reflex-like movements'' (44) versus voluntary locomotion (45) in that long tract regeneration of corticospinal axons into gray matter is required to allow stimulation of the locomotor circuits in the gray matter. Indeed, there is evidence that the corticospinal tract is responsible for cortical involvement in activity dependent maturation of spinal motor centers during perinatal development (46) .
Improvement in Functional Recovery
Functional locomotor recovery did not correlate with regeneration of axons from any of the brainstem nuclei. This may be because both repair strategies allowed only a minority of the axons in these tracts to regenerate. In contrast, in neonatal rats it has been found that after complete transection, full functional recovery could be achieved if axons from the raphe, vestibulospinal, and red nucleus brainstem nuclei, as well as from the sensorimotor cortex regenerated (47) . It is likely that adjunctive repair strategies to allow regeneration of larger numbers and types of brainstem nuclei axons may allow improved functional recovery in adults. For example, PNG or SCA could be combined with the addition of another neurotrophic factor such as brain derived neurotrophic factor to promote regeneration of the rubrospinal tract (48) . In addition, stimulation of axonal regeneration of neurons at the repair site may improve local circuits and functional recovery.
It is unclear how neurite inhibitors influence repair strategies after complete spinal cord transection. Inhibitors to axonal regeneration, such as chondroitin sulphate proteoglycans (49) (50) (51) , and astrocytic scarring (52-55) have been reported to affect axonal regeneration after spinal cord injury but have not been studied in detail in repair strategies showing successful recovery after complete spinal cord transection. Although we were able to obtain a modest recovery of function without specific measures designed to neutralize neurite inhibition, perhaps improved function could have been obtained with the addition of chondroitinase ABC (56) or a monoclonal antibody that neutralizes inhibitory proteins (7) .
Detailed analysis of the axonal correlates to locomotor recovery after spinal cord transection and repair by the PNG or SCA strategies demonstrates the association of corticospinal tract regeneration into gray matter with functional locomotor recovery. The elucidation of this specific mechanism of recovery can lead to improved spinal cord repair strategies through the use of a combination of strategies that enhance corticospinal tract recovery or recovery of other motor or sensory tracts. A combination of targeted strategies selected on the basis of their known mechanisms of functional recovery may ultimately lead to a successful therapeutic strategy in humans with spinal cord injury.
